Introduction
Aeroelasticity is the study of interaction among aerodynamic, inertial and elastic forces. Flight vehicles experience steady and unsteady aerodynamic loads; accordingly they would develop different kinds of stability and response related problems. Transonic aeroelastic problems such as buffet and flutter have been solved through experimental techniques at National Aerospace Laboratories (Upadhya et al., 1985) , (Joshi et al., 1988) , (Ramamurthy and Raja, 2002) , (Raja et al., 2007) . Figure 1 shows the aeroelastic models that were tested in 1.2 m wind tunnel. Aeroelastic flutter is a catastrophic structural failure, which needs to be avoided within the flight envelope of an aircraft for safe operation and enhanced fatigue life . Aircraft structures made of thin walled sections and composite materials are usually lightly damped systems. When the orthogonality of elastic modes in such systems is influenced by the unsteady aerodynamic forces, the aerodynamic damping destabilizes the vibration, meaning the structural modes may draw energy from the air stream. Frequency and damping change due to aerodynamic energy may cause coupling between two or more adjacent modes to develop a flutter in the aircraft wing or tail structure. Flutter is a divergent oscillation that may result into fatal structural failure. Low speed aircrafts need clean airflow over the tail surfaces to have better pitch control. Therefore a T-Tail configuration is preferred for such flying machines due to its geometric location. Aircrafts with T-Tail structure are in operation; for example Boeing 727, ATR-72, Q-400, CRJ700 and Embaraer ERJ145 etc. Nevertheless, aeroelastic problems such as flutter and gust are of great concern for the designers because the structurally heavy vertical stabilizer needs to carry the lift producing horizontal tail, which makes T-Tail a structure of concern in the low speed aircraft (Bisplinghoff et al., 1983) . The present research work addresses the TTail flutter of a transport aircraft within its flight envelope through a wind tunnel study. The T-Tail configuration is normally expected to develop a dynamic coupling among its horizontal and vertical stabilizers' modes and participate in the aeroelastic flutter along with the control surface modes (Rudder, Elevators). Since for the aircraft under consideration (transport), the fuselage flexibility is appeared to be very significant on the empennage flutter, a scaled T-Tail wind tunnel model has been designed with a flexible fuselage. Unlike the conventional horizontal tail plane, the horizontal tail sits on the top of a flexible fin in TTail, therefore may experience rolling, yawing and spanwises in-plane motion, in addition to pitching and plunging. Thus, in-plane loads and normal loads due to in-plane motion become important while calculating T-Tail flutter, which can be easily captured through wind tunnel testing. Otherwise, an improved DLM (Doublet Lattice Method) code is required that accounts for all the aerodynamic degrees of freedom in the calculation of flutter. Further the incremental aerodynamic loads due to roll and yaw acting on the horizontal tail plane are dependent on the steady aerodynamic loads; therefore inclusion of steady loads in the flutter analysis is important (Queijo, 1968) . Thus, the present experimental approach to build an aeroelastically scaled T-Tail model with a flexible fuselage to estimate empennage flutter appears to be convincing. However, it has become a challenging design issue to introduce fuselage longitudinal bending due to a sting supported system and further the simulation of multi-modes coupling. A novel idea is then commenced into the model design scheme to incorporate the fuselage bending along with the sting bending mode. Composite materials are employed to realise the structural components of the T-Tail and fuselage structure. The model is subsequently instrumented with strain gauges and accelerometers to measure the aeroelastic responses during the wind tunnel testing. The flutter characteristics are then presented in velocity versus frequency and velocity versus damping format. (Bisplinghoff et al., 1983 ), (Megson T. H. G., 2007) . This is achieved through a set of dynamic similarity laws, known as aeroelastic scale factors (Refer to table 1). A dynamically similar model only simulates frequencies and mode shapes. In contrast, an aeroelastically similar model additionally replicates the aerodynamic configuration of the vehicle. The aircraft model has been tested in 1.2 m wind tunnel. In order to accommodate the model in the test section of the wind tunnel, a 10% geometric scale is chosen for the specified test condition. Proper care is taken to minimize the blockage area (around 2%), so that there will not be any starting problem for the tunnel. Accordingly, the aeroelastic scale factors have been arrived for a fair representation of the mathematical analogue of the physical system, considering the fluid -structure interaction.
Model design details
Flight conditions such as flight dynamic pressure, flight altitude, air density, flight velocity and Mach number are taken as reference data for the design process. As a first step, suitable scale factors are derived, which would suit the model characteristics to the existing wind tunnel characteristics. The blow down type wind tunnel has limitation in terms of its test section, achievable dynamic pressure and run time etc. Therefore the geometric scale and dynamic pressure ratio are mostly the deciding factors to set the aeroelastic scales. The TTail model is designed following a replica design logic, in which a spar-rib-skin arrangement is maintained. Further, the same number of spars as in the full scale vehicle is considered at the model level. However the number of ribs is taken according to the model stiffness requirement. Figures 3, 4 present the design details of both horizontal tail plane (HTP) and vertical tail plane (VTP), respectively. HTP is constructed with two spars and VTP is made using three spars arrangement. All dimensions are given in mm. The control surfaces (elevators, rudder) are also built with spar-rib-skin construction. Fuselage is designed with metallic/composite bulkheads and stiffeners, over which a composite skin (CFRP) is provided (Refer to figure 5). Due care is taken in the selection of appropriate materials for making the model, considering the feasibility of fabrication and availability of materials. The designed model has got nearly 70% composite components (CFRP) and the remaining is metallic. The model is required to be mounted in the specified test section of the wind tunnel, so that the T-Tail is exposed to a set and necessary flow characteristics such as Mach number, dynamic pressure etc. Therefore a sting adapter is introduced into the model supporting system (Figure 2) . Thus, the designed T-Tail is pushed forward to experience the actual and set wind tunnel flow characteristics. Because of this increased exposure length of the sting, there is a need to provide sufficient torsional stiffness in order to ensure the stability and strength of the fuselage. Hence five additional CFRP disc type bulk heads have been incorporated in the front fuselage along with a CFRP tubular structure as core, which gets connected to the sting.
Design details of joints for sub-structural systems
To build an efficient aeroelastic T-Tail model, the joint flexibility of all the sub-structural systems must be appropriately simulated. Figure 6 (a, b, c, d) depicts the various joints, which are designed to integrate all the sub-systems. For example the control surfaces (elevator, ruder) are connected to the main surfaces with the help of torque tubes, designed to provide the required control-circuit stiffnesses. By ensuring a proper rotational stiffness, the ruder and elevator fundamental modes are simulated. The elevator torque tube has connected to both left and right elevators, so that they act as a single control surface. The spars of VTP are positioned in a torsion box assembly (figure 5-d), in order to reproduce the necessary flexibility as in the full scale vehicle. 
Model fabrication and integration
After freezing the design, the production drawings are prepared using AUTOCAD 2000. The composite components are fabricated by using appropriate moulds. Skin/bulkhead/spar type of construction is adopted for fabricating the 10% fuselage. Along its length, the model fuselage consists of two circular aluminium rings, seven aluminium disc type bulkheads and five composite discs (not shown in figure 5 ). The skeleton is further stiffened using sets of side and top spars made of aluminium. CFRP skin of uniform thickness is fabricated in two halves using hand lay-up process and cured at room temperature. Nearly 40% resin content is achieved in the cured component. VTP is constructed in spar-rib-skin form. It has got three aluminium spars and eighteen balsa ribs (refer to figure 4). A uniform thickness CFRP skin (top & bottom) is made to get the required aerodynamic shape. The mould is built in such a way that it could accommodate as well the rudder skin. Further, the rudder is constructed using a single aluminium spar with balsa ribs and CFRP skin. In a similar way HTP moulds (top and bottom) are fabricated first, which have got provision to include elevator skin. HTP is made of two aluminium spars with twenty balsa ribs (refer to figure 3). A uniform CFRP skin is provided in two parts (top & bottom) to give the required aerodynamic shape. The model supporting system essentially consists of a sting and an adapter. A sting with required strength and dimension is manufactured using EN24 material (Ultrasonic tested for flaws).
Adapter is also fabricated with the same type of material, satisfying the strength adequacy requirements. After the fabrication of major components (spar/rib/skin etc), each component is independently weighed and checked for its mass simulation. Hinges are fabricated using aluminium material for connecting the control surfaces to main surfaces. The assembled sub structural systems are weighed and checked for their required mass. The VTP spars are positioned inside the torsion boxes, which are mounted on the rear bulkheads of the fuselage. Then HTP assembly has been attached to VTP.
Vibration analysis and test correlation
A detailed free vibration analysis is performed on the designed T-Tail structure using MSC-NASTRAN (refer to figure 7 ). The analysis is carried out attaching the fuselage at three support points with sting, which has been fixed at one end (simulating the tunnel sting mounted condition). The fabricated model is appropriately instrumented with accelerometers and strain gauges to measure the structural responses. After the instrumentation, the model is subjected to ground tests (both static and dynamic). Ground tests are essential for two reasons, one is to check the achieved accuracy of dynamic simulation and the second is to extract the static and dynamic characteristics of the model. The Kyowa make strain gauges and PCB type accelerometers (sensitivity: 100 mv/g) are used. The gauges are surface bonded and connected by using thin multi strand Teflon wires. Further they are numbered and terminated outside the model. Static tests are conducted by loading the structure at its Cp to monitor the strain output on the model at different locations to verify the model strength, as well as support system's ability to carry the model weight and the aerodynamic forces. The dynamic testing is subsequently performed from component level to fully assembled model. This exercise has helped to fine tune the dynamics of the integrated structure in a befitting way. However, the results are presented in a concise manner for the integrated model only (See 
Divergence clearance
Since the model supporting system is slender body, it demands clearance from divergence instability prior to the wind tunnel testing (Sundara Murthy, 2005) . The following data are used in the static divergence calculation.
• Values of lift and moment coefficients for different angles of attack • Centre of pressure (Cp) for the Mach number and dynamic pressure of interest. In order to calculate the divergence parameters, the sting and adapter assembly is loaded at Cp and as well as at its tip (equivalent static aerodynamic load ≈ 50 kg, C L =1.0). The deflections are measured at the strain gauge locations (reaction points). Using the following relations (Sundara Murthy, 2005) , the divergence parameters are estimated as follows: It has been seen that the supporting system is free from the static divergence instability in the proposed test envelope.
Wind tunnel testing
The wind tunnel testing is done, following the dynamic pressure variation as shown in The 10% aircraft T-Tail model has been tested in 1.2 m wind tunnel (refer to figure 10 ). The aeroelastic scale parameters are applied to obtain a replica model through optimization process for the full scale T-Tail configuration. It has been shown through ground vibration testing that the necessary dynamic characteristics have been achieved fairly by the fabricated model (see table 2 ). The longitudinal fuselage mode has been simulated along with the sting bending mode. This is observed to be a quite reasonable simulation from the complexity point of view of simulating a free-free boundary effect through spring-sting arrangement. The tunnel tests are completed with 22 runs (blow downs) to cover the required dynamic pressure and Mach number range. During the wind tunnel testing, the data has been collected through 'Throughput Acquisition Monitor' of LMS® for multiple channels concurrently (refer to figure 11 ). The measured aeroelastic data from the accelerometers, positioned at different locations is processed with 'Operational Modal Analysis' software of LMS®. This software has got computational algorithms such as poly reference and balanced realization etc, using which the damping is estimated. The frequencies and damping values obtained from the flutter experiments are presented, following classical V-g approach in figure 12. 
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